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Improved Air Quality Simulations for San 
Joaquin Valley 

¡  Significant	  challenges	  air	  pollu2on	  and	  health	  for	  “SJq.”	  Air	  
quality	  has	  resisted	  some	  improvements	  seen	  in	  LA	  and	  S.	  Coast	  

¡  Poor	  pulmonary	  health	  in	  the	  central	  ci2es	  (Fresno)	  is	  well	  
known	  

¡  Out-‐of-‐compliance	  for	  both	  ozone	  and	  par2cles	  (PM2.5)	  
¡  A	  very	  large	  amount	  of	  2me,	  effort	  (and	  confusion)	  is	  taken	  in	  
assessing	  “excep2onal	  events,”	  par2cularly	  with	  fires	  	  (these	  
situa2ons	  can	  combine	  some	  fire	  with	  other	  influences)	  

	  



¡  While	  the	  number	  of 	  ozone	  
exceedance	  days	  are	  
gradual ly 	  decreasing	  on	  
average, 	  the	  San	  Joaquin	  
Val ley	  con2nues	  to	  have	  the	  
highest 	  propor2on	  of 	  
people	  at 	  r isk. 	  When	  
coupled	  with	  poor	  air 	  
qual i ty 	  that 	   is 	  oSen	  worse	  
than	  other	  Cal i fornia	  
regions, 	  people	   in 	  the	  San	  
Joaquin	  Val ley	  experience	  
the	  highest 	  propor2onal 	  
decl ine	   in	  health	  overal l . 	   	  

A
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12 13

�

�



Courtesy ARCTAS-CA Data Analysis Workshop 4 

Wild Fires 
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Biogenics 
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Improved Air Qual ity Simulations for 
San Joaquin Val ley 

¡  Ames	  has	  a	  Space	  Act	  Agreement	  with	  the	  San	  Joaquin	  Valleywide	  
Air	  Quality	  Study	  Agency	  to	  improve	  modeling	  of	  fire	  emissions	  
effects	  on	  O3	  

§ However	  …	  
¡  The	  control	  district	  does	  run	  some	  	  
simula2ons,	  but	  depends	  on	  the	  central	   	  
California	  Air	  Resources	  Board	  (“Cal-‐ARB”)	  	  
for	  formula2on	  and	  simula2on	  

¡ So,	  our	  direct	  client	  is	  at	  Cal-‐ARB	  
¡ Results	  will	  extend	  to	  all	  of	  CA,	  
	  	  	  	  	   	  perhaps	  Western	  US	  

	  

	  

Study Agency Contacts 
Jennifer Ridgway 
Air Quality Specialist/Forecaster 
San Joaquin Valley APCD 
 
Ajith Kaduwela, Cal-ARB 
 
 
 

The Agency has governmental  
(SJVAPCD, Cal-ARB) 
and non-governmental members, 
so the S.A.A/ was the vehicle 
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Our main cooperatinging cl ient is   
Cal ifornia-Air Resources Board 

	  

Ajith Kaduwela 
Manager Regional Air Quality Modeling Section 
California Air Resources Board 
Sacramento, CA 

ARB Team 
Ajith Kaduwela, lead modeler 
Chenxia Cai*  
      principle CMAQ modeler 
Sarika Kulkarni, developing WRF  
 
(Works from Southern California) 

Ames Team 
… Robert Esswein, analyst/programmer 
Hanwant Singh, analysis/emissions-
composition 
Laura Iraci – lofting, editing 
Vince Ambrosia, James Brass 
 – fire behavior 
Robert Chatfield - “Lord High Everything Else” 

Other advisors/providers: 
Edward Hyer (Monterey NRL – 
emissions) 
Christine Wiedenmyer, NCAR – 
FinnV1 emissions 

Clearly,	  most	  collabora7on	  	  
is	  by	  video-‐con	  



Our measurement basis:  July,  2008 Fl ights 

¡  Red	  tracks	  show	  DC-‐8	  sampling,	  al l 	  al2tudes	  
for	  June	  18,	  20,	  22,	  24,	  28	  June	  +	  13	  July	  

5200 D. J. Jacob et al.: ARCTAS mission: design, execution, and first results

Table 3f. Supporting investigations during ARCTAS.

Product1 Model, data bases Investigator Reference

Meteorological forecasts Various sources, WRF, WRF-
Chem

H. Fuelberg, Florida State U. Fuelberg et al. (2010)

CTM forecasts
FLEXPART J. Burkhart, NILU Hirdman et al. (2009)
STEM G. Carmichael, U. Iowa Adikhary et al. (2008)
GEOS-5 J. Rodriguez, NASA GSFC;

D. Jacob, Harvard
Liang et al. (2009)

MOZART, CAM-Chem L. Emmons, NCAR Arellano et al. (2007);
Emmons et al. (2010)

REAM Y. Wang, Georgia Tech Choi et al. (2008)
Near-real-time fire data Various products M. Fromm, Naval Res. Lab Fromm and Servranckx

(2003)
Near-real-time satellite data

CALIOP D. Winker, NASA LaRC Winker et al. (2007)
OMI K. Chance, Harvard-

Smithsonian
Levelt et al. (2006)

TES J. Worden, NASA/JPL Worden et al. (2008)
AIRS J. Warner, U. Maryland McMillan et al. (2008)
MODIS A. Chu, NASA/GSFC Chu et al. (2005)
MISR R. Kahn, NASA/GFSC Kahn et al. (2005)
MOPITT L. Emmons, NCAR Deeter et al. (2010)

Emission inventories Various products G. Carmichael, U. Iowa Streets et al. (2006)
Photochemical modeling LaRC box model J. Olson, NASA LaRC Olson et al. (2006)
Near-real-time global CTM analyses GEOS-Chem D. Jacob, Harvard Zhang et al. (2008)

1 CTM = chemical transport model
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!

!
!
Figure!1c.!Flight!tracks!for!the!ARCTAS8CARB!deployment!(Table!5a8b).!!

Fig. 1c. Flight tracks for the ARCTAS-CARB deployment (Ta-
bles 5a–b).

fire plumes during ARCTAS-B with the WRF-Chem model
(Grell et al., 2005) and found that the plume rise parameteri-
zation in that model (Freitas et al., 2007) could successfully
simulate the injection heights observed from CALIOP and
the subsequent long-range transport of smoke and CO ob-
served from MISR and AIRS.

 4 

!
!
Figure!2.!Monthly!fire!counts!for!April!and!July!2008!from!the!MODIS!Aqua!satellite!
instrument!(1330!local!overpass!time),!cloudG!and!overpassGcorrected!(V5,!available!from!
http://neespi.gsfc.nasa.gov/myd14cm1.shtml)!!
!
!

April 2008   July 2008 

Fig. 2. Monthly fire counts for April and July 2008 from the
MODIS Aqua satellite instrument (13:30 local overpass time),
cloud- and overpass-corrected (V5, available from http://neespi.
gsfc.nasa.gov/myd14cm1.shtml)

Retrievals of CO from the MOPITT instrument on the
Terra satellite provide a 9-year record allowing for compar-
ison of 2008 to previous years. Figure 3 shows the monthly
anomalies for April and July 2008 (difference between 2008
and the average of corresponding months for 2000–2008).
Siberian fires and their outflow across the Pacific stand out in

Atmos. Chem. Phys., 10, 5191–5212, 2010 www.atmos-chem-phys.net/10/5191/2010/



Our major  concern:  effect  of  fire is  very c lear ly  s ignaled by 
CH 3 CN,  “acetonitr i le”  or  methyl  n i trate 
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June 26, 2008 

Terra/MODIS 18:30 UTC 
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June 18, 2008 

Aqua/MODIS 21:00+21:05 UTC 
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June 20, 2008 

Terra/MODIS 18:55 UTC 
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VOC and/or NOx Limitations 

¡ Obtained	  an	  unprecedented	  suite	  of	  
measurements	  that	  would	  allow	  one	  to	  probe	  
inner-‐workings	  of	  chemistry	  

¡ AircraS	  measurements	  are	  not	  really	  Lagrangian	  
¡ Is	  the	  model	  predic2ng	  the	  correct	  VOC	  and/or	  
NOx	  sensi2vity	  of	  O3?	  
§ Are	  we	  now	  able	  to	  test	  the	  validity	  of	  indicator	  ra2os	  
(or	  something	  related	  to	  that)?	  	  If	  not,	  what	  are	  we	  
missing	  (and	  should	  be	  measured	  during	  2010	  CalNex)?	  

§ Is	  there	  anything	  else	  we	  can	  look	  at?	  



¡ Wai2ng	  for	  new	  Cal-‐ARB	  simula2ons	  with	  CMAQ	  
expected	  by	  end	  of	  month.	   	   	  

¡  Chenxia	  Cai	  has	  seen	  unexpected	  delays	  in	  
upda2ng	  CMAQ	  (new	  SAPRC	  reac2on	  set	  and	  other	  
moderniza2ons)	  

	  

Current Status and Costing 

CMAQ for California requires integration of 
both national and California experience: 
unique meteorological and some emissions 
challenges 
 

¡  Publica2ons:	  
(1) 	  H . 	  B . 	  S ingh* , 	  C . 	  Cai , 	  A . 	  Kaduwela , 	  A . 	  Weinheimer , 	  and	  A . 	  Wisthaler 	   	  
Interaction	  of 	  Cal i fornia 	   forest 	   / ire 	  emissions 	  with 	  urban	  pol lution	   leads 	  to 	  
rapid 	  ozone	   formation , 	  revised	   for 	  Atmospheric 	  Environment . 	  
(2) 	  R .B . 	  Chat B ie ld , 	  R .F . 	  Esswein , 	  A . 	  Fr ied , 	  A . 	  Weinheimer , 	  C .X . 	  Cai , 	  A . 	  Kaduwela , 	  
Towards	  Empirical , 	  Quantitative 	  Attribution	  of 	  Fire-‐related	  and	  other 	  
Pol lutants 	  as 	   they 	  Affect 	  Production	  of 	  O3 	   in 	  Cal i fornia 	  Air , 	   in 	  preparat ion	   for 	  
Atmospheric 	  Environment , 	  October 	  2012. 	  
	   	  
¡  Cos2ng:	  	  Salary	  support	  only	  from	  Applica2ons:	  

	  Costed	  $83,387	  of	  $86,654	  or	  96%	  

	  



Where we are going:   Attributions for both �
NOx and also VOC “Activ ity” for Smog O3 

¡  Both	  reac2ng	  VOC’s	  
and	  NOx	  are	  
required	  to	  produce	  
ozone.	  

¡  Size	  of	  semicircle	  
suggests	  balance	  of	  
these	  contributors	  
…	  this	  is	  slightly	  
NOx	  limited	  

¡  All	   iden2fied	  
tracers/influences	  
contribute	  …	  rare!	  

Urban: 
CHCl3

Forest Fire: 
CH3CN

Urban: 
CHCl3

Local Fuel: 
"Hot" CN

Dairy + ? :
Ethanol

Biogenic:
 Isoprene

Local Fuel: 
"Hot" CN

Industrial+Ship: 
"Other" Toluene

Industrial+Ship: 
"Other" Toluene

Other:
xs Butane

NOx

HCHO
(VOCs)



Formaldehyde and NOx are s ignals  for  smog O 3  product ion … 
change s lowly for  several  hours af ter  emiss ions 
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Actual Ozone production rate is very dependent on light, e.g., time of day but 
 even surface brightness and aerosols 

Key to symbol size, ppt 
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Or ig in 	   amr ibu2ons 	   fo r 	  
HCHO	  and 	  NOx 	  
( reac2v i t y -‐we igh ted 	  
VOC 	  and 	  NO) 	   fo r 	   the 	  
San 	   F ranc i s co 	  Bay 	  A rea , 	  
Ca l i f o rn i a 	  De l t a , 	   and 	  
the 	  Nor the rn 	   San 	  
Joaqu in 	  Va l l ey . 	  No tab le 	  
f ea tu res 	   rega rd ing 	  
VOC ’ s 	   a re 	   the 	  
impor tance 	  o f 	   fi re 	  
emi s s ions 	   seen 	   i n 	   the 	  
t r ansec t 	   up 	   the 	  wes te rn 	  
San 	   Joaqu in 	   ( red ) , 	   t he 	  
s i gn ificance 	  o f 	   i sop rene 	  
ove r 	   the 	  up l and 	   reg ions 	  
w i th 	   t ree 	  emi s s ions 	  
(da rk 	   g reen ) , 	   and 	   the 	  
e thano l -‐marked 	  
emi s s ions 	  ove r 	   va r i ed 	  
ag r i cu l tu ra l 	   r eg ions . 	  
N i t rogen 	  ox ides 	   a re 	  
seen 	   to 	   t r a ce 	  ma in l y 	   to 	  
c i2es 	   and 	   l oca l i zed 	  
combus2on 	  emi s s ions , 	  
w i th 	   l o ca l i zed 	  
s i gn ifican t 	   con t r i bu2ons 	  
f rom	   to luene -‐ re l a ted 	  
emi s s ions , 	  mos t l y 	   i n 	  
i ndus t r i a l 	   a reas . 	   	  

Bay and N San 
Joaquin  Va l ley 

Urban: 
CHCl3

Forest Fire: 
CH3CN

Urban: 
CHCl3

Local Fuel: 
"Hot" CN

Dairy + ? :
Ethanol

Biogenic:
 Isoprene

Local Fuel: 
"Hot" CN

Industrial+Ship: 
"Other" Toluene

Industrial+Ship: 
"Other" Toluene

Other:
xs Butane

NOx

HCHO
(VOCs)



Or ig in 	   amr ibu2ons 	   fo r 	  
HCHO	  and 	  NOx 	  
( reac2v i t y -‐we igh ted 	  
VOC 	  and 	  NO) 	   fo r 	   the 	  
San 	   F ranc i s co 	  Bay 	  A rea , 	  
Ca l i f o rn i a 	  De l t a , 	   and 	  
the 	  Nor the rn 	   San 	  
Joaqu in 	  Va l l ey . 	  No tab le 	  
f ea tu res 	   rega rd ing 	  
VOC ’ s 	   a re 	   the 	  
impor tance 	  o f 	   fi re 	  
emi s s ions 	   seen 	   i n 	   the 	  
t r ansec t 	   up 	   the 	  wes te rn 	  
San 	   Joaqu in 	   ( red ) , 	   t he 	  
s i gn ificance 	  o f 	   i sop rene 	  
ove r 	   the 	  up l and 	   reg ions 	  
w i th 	   t ree 	  emi s s ions 	  
(da rk 	   g reen ) , 	   and 	   the 	  
e thano l -‐marked 	  
emi s s ions 	  ove r 	   va r i ed 	  
ag r i cu l tu ra l 	   r eg ions . 	  
N i t rogen 	  ox ides 	   a re 	  
seen 	   to 	   t r a ce 	  ma in l y 	   to 	  
c i2es 	   and 	   l oca l i zed 	  
combus2on 	  emi s s ions , 	  
w i th 	   l o ca l i zed 	  
s i gn ifican t 	   con t r i bu2ons 	  
f rom	   to luene -‐ re l a ted 	  
emi s s ions , 	  mos t l y 	   i n 	  
i ndus t r i a l 	   a reas . 	   	  

San Joaquin  
Va l ley 

Urban: 
CHCl3

Forest Fire: 
CH3CN

Urban: 
CHCl3

Local Fuel: 
"Hot" CN

Dairy + ? :
Ethanol

Biogenic:
 Isoprene

Local Fuel: 
"Hot" CN

Industrial+Ship: 
"Other" Toluene

Industrial+Ship: 
"Other" Toluene

Other:
xs Butane

NOx

HCHO
(VOCs)



. 	  O r i g i n 	   amr ibu2ons 	  
fo r 	  HCHO	  and 	  NOx 	  
( reac2v i t y -‐we igh ted 	  
VOC 	  and 	  NO) 	   fo r 	  
u rban 	   Sou thern 	  
Ca l i f o rn i a 	   and 	  
offshore . 	  U rban 	  
emi s s ions 	   ( l i gh t 	   b lue ) 	  
domina te 	  NOx 	  
emi s s ions 	   a s 	  
expec ted ; 	   however 	  
many 	   samp les 	  have 	  
ve ry 	  h i gh 	  NOx 	  
a s soc i a ted 	  w i th 	   i -‐
bu tane 	  bu t 	   f ew 	  o the r 	  
hyd roca rbon 	  
compounds ; 	   th i s 	  
con t r i bu2on 	   i s 	   seen 	  
on l y 	   i n 	  Wes te rn 	   Los 	  
Ange le s , 	   offshore , 	  
and 	  a long 	   the 	  
Mex i can 	  bo rde r 	   and 	  
San 	  D iego , 	   no t 	   i n 	  
o the r 	  pa r t s 	   o f 	  
Ca l i f o rn i a . 	  

South Coast �


Urban: 
CHCl3

Forest Fire: 
CH3CN

Urban: 
CHCl3

Local Fuel: 
"Hot" CN

Dairy + ? :
Ethanol

Biogenic:
 Isoprene

Local Fuel: 
"Hot" CN

Industrial+Ship: 
"Other" Toluene

Industrial+Ship: 
"Other" Toluene

Other:
xs Butane

NOx

HCHO
(VOCs)



Two local ized tracers:  residuals from which burning and 
urban emissions have been removed, but … ! 
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If the goal is a very high R2, then one must include these 



Formaldehyde and NO (NOx) have a  strong quant i tat ive  
re lat ionship to smog chemical  ozone product ion 

Cal-ARCTAS relationship
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1:1
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But … 
Change over hours:  
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Chatfield et al,  
Atmos. Environ., 2010, 2012 



¡ Wai2ng	  for	  new	  Cal-‐ARB	  simula2ons	  with	  CMAQ	  
expected	  by	  end	  of	  month.	   	   	  

¡  Chenxia	  Cai	  has	  seen	  unexpected	  delays	  in	  
upda2ng	  CMAQ	  (new	  SAPRC	  reac2on	  set	  and	  other	  
moderniza2ons)	  

	  

Reprise:  Current Status and Costing 

CMAQ for California requires integration of both 
national and California experience: unique 
meteorological and some emissions challenges 
 

¡  Publica2ons:	  
(1) 	  H . 	  B . 	  S ingh* , 	  C . 	  Cai , 	  A . 	  Kaduwela , 	  A . 	  Weinheimer , 	  and	  A . 	  
Wisthaler 	   	  
Interaction	  of 	  Cal i fornia 	   forest 	   / ire 	  emissions 	  with 	  urban	  
pol lution	   leads 	  to 	  rapid 	  ozone	   formation , 	  revised	   for 	  
Atmospheric 	  Environment . 	  
(2) 	  R .B . 	  Chat B ie ld , 	  R .F . 	  Esswein , 	  A . 	  Fr ied , 	  A . 	  Weinheimer , 	  C .X . 	  Cai , 	  
A . 	  Kaduwela , 	  Towards	  Empirical , 	  Quantitative 	  Attribution	  of 	  
Fire-‐related	  and	  other 	  Pol lutants 	  as 	   they 	  Affect 	  Production	  of 	  
O3 	   in 	  Cal i fornia 	  Air , 	   in 	  preparat ion	   for 	  Atmospheric 	  Environment , 	  
October 	  2012. 	  
	   	  

¡  Cos2ng:	  	  Salary	  support	  only	  from	  Applica2ons:	  
	  Costed	  $83,387	  of	  $86,654	  or	  96%	  

	  



A e ro s o l  s e e n  b y  D I A L  l i d a r  �
f r o m  D C- 8  fl y i n g  h i g h  a b o v e  t h e  S a c r a m e n t o  Va l l e y ;  �
N o t e  t h e  c o m p l e x i t y  o f  C a l i f o r n i a  a t m o s p h e r e 





Explaining VOC via HCHO l inear regression 

Organic Reactivity as Described by Markers that  
Explain HCHO via Linear Regression 
  
Coefficients: 
                     Estimate Std. Error t value Pr(>|t|)     
(Intercept)         390.76391   84.45389   4.627 4.36e-06 *** 
CH3CN                 9.20908    0.18437  49.948  < 2e-16 *** 
CHCl3                84.05451    8.52739   9.857  < 2e-16 *** 
Refract.CN (Res)      0.23695    0.02393   9.900  < 2e-16 *** 
Isoprene              0.54565    0.06533   8.352 3.12e-16 *** 
Ethanol               0.80795    0.05979  13.513  < 2e-16 *** 
Toluene (Res)         2.93300    0.54554   5.376 1.01e-07 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
  
Multiple R-squared: 0.8331   Adjusted R-squared: 0.8318  
F-statistic:   638 on 6 and 767 DF,  p-value: < 2.2e-16 
  
Residual standard error: 1251 (ppt) on 767 degrees of freedom 
 

Tracer 
Fire 
Urban 
Local Comb 
Biogenic tree 
Biogenic—stock? 
Indust./Port? 



Explaining NOx via l inear regression 

Tracer 

Urban 
Local Comb 
? 
Indust/Port? 

Coefficients: 
                      Estimate Std. Error t value Pr(>|t|)     
(Intercept)         -1.155e+03  1.705e+02  -6.776 2.46e-11 *** 
CHCl3                1.534e+02  1.788e+01   8.581  < 2e-16 *** 
Refract.CN (Res)     6.540e-01  4.548e-02  14.379  < 2e-16 *** 
Excess i.Butane(Res) 6.276e+00  4.743e-01  13.233  < 2e-16 *** 
Toluene.resid.pos    9.375e+00  1.174e+00   7.986 5.10e-15 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1  
  
Residual standard error: 2510 on 769 degrees of freedom 

Multiple R-squared: 0.6522  Adjusted R-squared: 0.6504  
F-statistic: 360.4 on 4 and 769 DF,  p-value: < 2.2e-16  
  
 

NOx can be very transient and hard to trace: note also “irrelevant” sources 





Interactions 



Ethanol:  �
a tracer  of various l ivestock-connected activ it ies 
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Ethanol may have other 
sources than livestock: see 
NE California & isoprene 



Of course, isoprene – only seen at elevation 
(woodlands, not,  e.g.,  tree crops …check!) 

●

●

●
●

●
●●●●●●

●●●

●

●

●●●●

● ●

●

●
●●
●

●

●

●

●

●
● ● ● ●●●

●

●

● ●●●●●

●

●

●

●

●
●
●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●●●●●●●
●

● ●

●
●

●
●

● ●

●

●

●

●

●
●

●
●
●●●●●
●●●●●●

●
●

●
●

●
●

●●

●

●

●

●

●

●

●

●

●

●
●●●●●

●

●

●

●

●

●

●

●

●

●●●●●
●

●
●

●
●

●

●

●
●●●●●●●●●●●

●●
●●

●

● ●● ●
●
●●

●

●

●

●

●

●

●

●

●●
●

●●●
●
●●
●
●●
●●●●

●●●●●●
●

●
●

● ●
● ●

●

●

●

●

●

●

●
●

●

● ●
●

●

●

●

●
●●

●

●●

●

●

●

●

●

● ● ● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●●●

●
●●●●

●

●

●

●

●
●

●

●

●

●

●●●●●
●● ● ● ●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●
●

●
●

●

●

●
● ● ● ● ● ● ●

●

●

●

●

●

●

●

●

●

●

●

●● ●

●

●

●

●

●

●

●

●

●

●
●

●
●

●
●
●

●

●
●

●

●

●
●

●
●
●
●
●
●
●
●

●

●

●●
●●●●●●●

●●●
●
●

●●●

●

●

●
●

●●●●
●

●

●
●
●
●
●
●
●●●●●●

●
●
●
●

●

●

●

●

●

●

●

●

●
●

●

● ● ● ●
●

●

●
●
●

●
●

●

●

●

Isoprene

●●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●
●●

●●

●●

●

●

●

●
●●
●●

●

●

●

●

●

●

●

●

●

●

●
●●

●●

●
●

●

●●

●●

●

●●

●●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●

●●

●●

●●
●●●●●●

●

●●

●●

●●

●●●●

●

●●

●●

●●

●●

●●
●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●●●

●●

●●

●●
●

●

●

●

●●

●

●●

●●

●●

●

●

●

●

●●

●●

●●

●●

●●

●●

●●

●●●

●

●

●

●●

●●

●

●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●●●

●

●

●

●●

●

●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●●

●

●

●

●

●

●●●

●

●

●

●

●●

●●●
●●●●
●●

●

●●

●●
●●

●●
●●

●●

●

●●

●

●●

●

●●

●●

●●●

●

●●

●

●●
●
●●

●●●●●

●

●●
●

●

●

●

●

●

●●

●

●●

●

●

●
●

●

●
●

●

●

●●
●

●

●

●

●

−3 −2 −1 0 1 2 3

5
50

50
0

50
00

Normal Quantiles

Q
ua

nt
ile

s 
of

  I
so

pr
en

e



Other tracers we found added explanation �
CH3Cl and extremely fine but heat-refractory particles 
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